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Text S1. Supplemental Materials and Methods, and supplemental information about 

mating type analyses. 
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1. Supplemental Materials and Methods 

a. Growth conditions, preparation of nucleic acids and RNA-seq libraries 

For genomic DNA isolation, a culture of 30 mL YPD medium was cultivated for 16 h at 

28°C and 180 rpm. After centrifugation, (5 min at 3,000 g) cells were resuspended in distilled 

water (0.5 mL), centrifuged and resuspended in lysis buffer (2% Triton X-100, 1% sodium 

dodecyl sulfonate (SDS), NaCl (100 mM), Tris/HCl (10 mM, pH 8), EDTA (1 mM)). 300 mg 

glass beads, phenol (100 µL), chloroform (96 µL), and isoamyl alcohol (4 µL) were added, 

and the mixture was rigorously shaken for 3 min. After centrifugation (10 min, 10,000 g, 

4°C), the upper layer was transferred to another tube containing the same mixture of phenol, 

chloroform and isoamyl alcohol and the extraction was repeated for three times. A solution of 

RnaseA (5 µL, 10 mg/mL) was added and the solution incubated for 5 min at 37°C. The 

extraction with phenol, chloroform and isoamyl alcohol was repeated. Then, an additional 

extraction was done with chloroform (96 µL) and isoamyl alcohol (4 µL) and the upper layer 
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was added to a solution of ammonium acetated (4 M, 0.1 volumes) and ethanol (96%, 2 

volumes) and centrifuged. After washing with ethanol (70%), the pellet was dried and 

resuspended in distilled water (50 µL).  

For transcriptome analysis, T. oleaginosus was grown on five different media, media 

compositions are given in Text S1-Table S1. 50 mL medium were inoculated in a 250 mL 

flask and incubated at 28°C and 180 rpm. The samples for transcriptome analysis for YPD 

were taken after one day, for NAG and XYL after two days, for NLM and PLM after five 

days. 10 mL culture were centrifuged (5 min, 3,000 g) and the cells were resuspended in AE 

buffer (400 µL, sodium acetate (50 mM), EDTA (10 mM), pH 5.3). SDS (40 µL) and phenol 

(550 µL) were added and the mixture was shaken vigorously. After incubation at 65°C for 4 

min, the mixture was cooled on ice for 15 min. After centrifugation for 2 min (15.000 g, 4°C) 

the aqueous phase was transferred to a pre-cooled aqueous solution of sodium acetate (3 M, 

60 µL) and ethanol (96%, 1650 µL). After incubation of 1 h at -20°C, the solution was 

centrifuged (30 min, 15.000 g, 4°C). The pellet was washed with ethanol (70%) and 

resuspended in distilled water (30 µL). Prior to sequencing, the RNA was treated with DNase 

according to standard JGI protocols (http://jgi.doe.gov/collaborate-with-jgi/pmo-

overview/protocols-sample-preparation-information/). 

For preparation of stranded cDNA libraries for RNA-seq, mRNA was purified from 1 μg 

of total RNA using magnetic beads containing poly-T oligos. mRNA was fragmented using 

divalent cations and high temperature. The fragmented RNA was reverse transcribed using 

random hexamers and reverse transcriptase Superscript II (Invitrogen) followed by second 

strand synthesis. The fragmented cDNA was treated with end-pair, A-tailing, adapter ligation, 

and 10 cycles of PCR. qPCR was used to determine the concentration of the libraries. An 

overview of reads generated by paired-end sequencing is given in Text S1-Table S2. 

 

b. Genome annotation 

The genome assembly of T. oleaginosus was annotated using the JGI annotation pipeline 

(1), which combines several gene prediction and annotation methods. Before gene prediction, 

assembly scaffolds were masked using RepeatMasker (A.F.A. Smit, R. Hubley, P. Green, 

RepeatMasker Open-3.0, 1996-2010, http://www.repeatmasker.org) and RepBase library (2), 

with the most frequent (>150 times) repeats recognized by RepeatScout (3). The following 

combination of gene predictors was run on the masked assembly: ab-initio Fgenesh (4) and 

GeneMark (5), trained for specific genomes; homology-based Fgenesh+ (4) and Genewise 

(6), seeded by BLASTx alignments (7) against the NCBI-NR protein database; and 

transcriptome-based CombEST (Zhou et al., personal communication). In addition to protein-

coding genes, tRNAs were predicted using tRNAscan-SE (8). All of the predicted proteins 

were functionally annotated using SignalP (9) for signal sequences, TMHMM (10) for 

transmembrane domains, InterProScan (11) for the integrated collection of functional and 

structured protein domains, and protein alignments to NCBI-NR, SwissProt 

(http://www.expasy.org/sprot/), KEGG (12) for metabolic pathways, and KOG (13) for 

eukaryotic clusters of orthologues. Interpro and SwissProt hits were also used to map the 

gene-ontology terms (14). For each genomic locus, the best representative gene model was 
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selected based on a combination of protein similarity and EST support. Completeness of the 

annotation was estimated using CEGMA 2.5 (15). De novo repeats were predicted with 

RepeatModeler (A.F.A. Smit, R. Hubley, www.repeatmasker.org/RepeatModeler.html) as 

described (16). 

 

c. Quantitative analysis of gene expression 

For quantitative analysis of gene expression, reads from each library were aligned to the 

reference genome using TopHat (17) with only unique mapping allowed. If a read mapped to 

more than one location, it was ignored. HTSeq (18) was used to generate the raw gene counts.  

Raw gene counts were used to evaluate the level of correlation between biological replicates 

using Pearson's correlation. All replicates showed high correlation coefficients (0.84-0.97) 

and were subsequently used for analysis of differential gene expression. DESeq2 (version 

1.2.10) (19) was used to determine which genes were differentially expressed between pairs 

of conditions. The parameters used to call a gene differentially expressed between conditions 

were: adjusted p-value < 0.05. For an analysis of the 500 most strongly expressed genes in 

each condition (top500 analysis), RPKM (reads per kilobase per million mapped reads (20)) 

values were calculated for each gene and condition, and the genes with the 500 highest 

RPKM values for each condition were used for downstream analysis. 

 

d. Phylogenetic analyses 

Phylogenetic analyses were made with PAUP version 4.0b10 for Windows (D.L. 

Swofford, distributed by Sinauer Associates, copyright 2001 Smithsonian Institution) for DM 

and MP analyses, and with MrBayes (21). DM and MP analyses were performed as described 

using 1,000 bootstrap replicates, Bayesian analysis was performed with at least 250,000 

generations (22). Consensus trees were graphically displayed with TREEVIEW (23). For 

generating a species tree of Tremellomycetes, clusters of orthologous genes among the fungal 

genomes used for the analyses were identified using OrthoMCL version 2.0.9 (24) using an 

inflation factor of 1.5. To reconstruct the phylogeny of these organisms, 200 orthologous 

groups of genes having exactly one gene in each organism were identified. The sequences of 

each species were concatenated, aligned using MAFFT version 7.123b (25) and well-aligned 

regions were extracted using Gblocks 0.91b (26). This resulted in 71463 amino acid positions. 

The parallelized version of RAxML version 8.1.16 (27) with the PROTGAMMAWAG model 

with 100 rapid bootstrap partitions was used to reconstruct a species tree. The tree was 

visualized using Dendroscope version 3.2.10 (28) and rooted on the outgroup C. cinerea. 

 

e. Search for pheromone precursor genes 

The assembled genome sequences of T. oleaginosus and T. asahii were screened for open 

reading frames (ORFs) of 15 to 55 amino acids encoding the conserved CAAX motif at the C-

terminus (29) using custom-made Perl scripts. In addition, T. oleaginosus scaffolds 2, 68, and 
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70, which contain other mating type genes, were screened for ORFs up to 200 amino acids. 

Search results were checked for overlap with other annotated features and presence of 

conserved sequence residues besides the CAAX motif. To test whether putative pheromone 

genes might have been sequenced, but were not assembled, Illumina reads that did not map to 

the T. oleaginosus assembly using Bowtie2 (30) were searched by a k-mer based approach: 

All possible k-mers of 121 nt length were constructed from the unmapped reads, and k-mers 

with a coverage of at least 2 were screened for ORFs as described above using custom-made 

Perl scripts.  

 

f. Analysis of mating type regions in different T. oleaginosus strains 

DNA fragments containing mating type regions containing the SXI1 and STE3 genes were 

amplified by PCR from genomic DNA of strains ATCC20508 and ATCC20509 using the 

following primers: To_Sxi1_1 (CTCGCTTCGTTACTTCAAGGTCG) and To_Sxi1_2 

(TCCGGAGATTCGCCGACGTTTGG) for SXI1, and To_Ste3_1 

(GCAACCTCCCATTGACAGTCACC) and To_Ste3_4 

(CGGTTTCCGTAACAACAACCAGC) for STE3. The ITS sequences were amplified using 

primers ITS1 (TCCGTAGGTGAACCTGCGG) and ITS4 (TCCTCCGCTTATTGATATGC) 

from the AFTOL project ((31), http://wasabi.lutzonilab.net/pub/primers/viewPrimers). PCR 

fragments were sequenced by Sanger sequencing. 
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2. Supplemental information about mating type analyses 

a. Evolution of mating type regions in Tremellomycetes 

Our analyses suggest that the most parsimonious assumption for the evolution of the 

mating type loci in the Tremellomycetes is an independent recruitment event for one set of 

developmental genes into the HD locus or P/R locus, respectively, and an independent loss of 

one HD gene in the Trichosporon and Cryptococcus lineages. This suggests that an 

evolutionary trend towards larger mating-type regions is present throughout, and that 

functionally similar results can be achieved by different genomic configurations. With respect 

to the loss of one HD gene, it was hypothesized that this might be an adaptation to a 

pathogenic lifestyle in the Cryptococcus species (32); however, T. oleaginosus is not 

pathogenic, and while T. asahii can occur as an opportunistic pathogen, this is not an obligate 

part of its life cycle. Thus, potential benefits of harboring only one HD transcription factor 

gene at the mating-type locus are unlikely to be related to pathogenicity in the Trichosporon 

species. A more general assumption is that fewer mating-specific genes reduce the potential 

for outbreeding or increase the possibility of inbreeding, thus allowing sexual development in 

situations where the population structure makes finding suitable mating partners difficult (32). 

However, whether such environmental restrictions exist for T. oleaginosus is not clear at 

present. Loss of function or actual loss of genes for potential key factors determining mating 

and regulating sexual development without apparent loss of a sexual cycle has been described 

for other fungi, e.g. Coprinellus disseminatus and several Candida species (33-36). In 

Candida, gene loss or loss of function has led to extensive rewiring of core meiotic processes, 

probably related to changes from a predominantly diploid to a haploid lifestyle in some 

species. Thus, while mating and meiosis are conserved, there is a high plasticity with respect 

to the molecular machinery that drives these core eukaryotic processes. This plasticity is 

reflected in the available genomic data for Tremellomycetes, with a consistent trend towards 

larger mating-type regions resulting in different, but presumably functionally similar genomic 

arrangements in different lineages. 

 

b. Phylogenetic strata and alleles of mating type genes 

In C. neoformans and other Cryptococci, genes at the mating-type locus can be grouped 

into several phylogenetically distinct strata, ranging from ancient mating-type genes like the 

HD transcriptions factors and the pheromone receptor gene STE3, which show a mating type-

specific phylogenetic pattern, to genes that were more recently acquired into the mating-type 

locus and show a less distinct mating type-specific phylogeny or even a species-specific 

phylogeny (32, 37, 38). The T. oleaginosus Sxi1 protein homolog clusters with Sxi1 

homologs in a phylogenetic analysis, suggesting a mating type-specific clustering, although 

confirmation of this finding would require the analysis of a predicted Sxi2 homolog, which is 

not present in any of the currently available T. oleaginosus strains (see below). The predicted 

homeodomain of Sxi1 shows the hallmarks of the HD1 class (Figure S1). Phylogenetic 

clustering suggesting mating type-specificity was also found for the Ste3 homolog, although it 

clusters with the MATa-specific Ste3 proteins from the Cryptococci (Figure S1), in contrast to 
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Sxi1, which clusters with MATα proteins (Figure S1). A multiple alignment of Ste3 homologs 

confirms this grouping, based on the absence of a conserved proline residue that is present in 

the Cryptococci MATα Ste3 proteins, but not in the MATa Ste3 proteins (Figure S2). Under 

the assumption that T. oleaginosus harbors two unlinked mating-type loci (tetrapolar mating 

system), any combination of HD transcription factor and pheromone receptor alleles is 

theoretically possible, in contrast to the bipolar C. neoformans, where only two combinations 

exist (39).  

To test whether different alleles of the essential mating-type genes exist in the population, 

we analyzed the two previously described T. oleaginosus strains ATCC20508 and 

ATCC20509 (40). Genomic regions spanning SXI1 and STE3, respectively, including non-

coding upstream and downstream regions, were amplified by PCR and sequenced. In both 

strains, the SXI1 and STE3 genomic regions are identical to those from the sequenced strain 

IBC0246. Thus, the three T. oleaginosus strains carry the same mating-type configuration 

with respect to core mating-type genes, and at present it remains unknown how many other 

mating-type alleles and allele combinations exist in the population. 
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3. Text S1-Table 1. Media used for different growth conditions. Strains were propagated 

in complete medium (YPD obtained from Sigma-Aldrich, Steinheim, Germany) containing 

2 % (w/v) glucose. For the analysis of transcriptomes and lipid production, strains were 

grown in YPD, NLM, PLM, NAG, or XYL media. 

a) YPD medium (complete medium, Sigma-Aldrich, Steinheim, Germany) 

Ingredients Concentration(g/L) 

Trypton 20 

Yeast extract 10 

Glucose 20 

 

b) NLM: nitrogen limitation medium with xylose pH=6 

Ingredients Concentration(g/L) 

Xylose 30 

Yeast extract 0.75 

(NH4)2SO4 0.0012 

MgSO4·7H2O 1.5 

KH2PO4 0.4 

CaCl2·2H2O 0.22 

ZnSO4·7H2O 0.55 µg L
-1

  

MnCl2·4H2O 24.2 µg L
-1

 

CuSO4·5H2O 25 µg L
-1

 

 

c) PLM: phosphate limitation medium with xylose pH=6 

Ingredients Concentration(g/L) 

Xylose 30 

Yeast extract 0.75 

(NH4)2SO4 4 

MgSO4·7H2O 1.5 

KH2PO4 0.14 

CaCl2·2H2O 0.22 

ZnSO4·7H2O 0.55 µg L
-1

 

MnCl2·4H2O 24.2 µg L
-1

 

CuSO4·5H2O 25 µg L
-1
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d) NAG: minimal medium with NAcGlc (2 %) 

Ingredients Concentration(g/L) 

YNB (Sigma Aldrich) 6.7 

NAcGlc 20 

 

e) XYL: minimal medium with or xylose (2 %) 

Ingredients Concentration(g/L) 

YNB (Sigma Aldrich) 6.7 

Xylose 20 
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4. Text S1-Table 2. Overview of RNA-seq libraries. For each growth condition, three 

independent biological replicates were sequenced, with the exception of condition YPD, 

where only two independent replicates were sequenced. 

condition sampleName no. of reads 

NLM (nitrogen limitation) T_ole_NLM_rep1 72,668,552 

T_ole_NLM_rep2 65,891,002 

T_ole_NLM_rep3 59,944,872 

XYL (xylose as carbon source) T_ole_XYL_rep1 30,405,872 

T_ole_XYL_rep2 33,461,342 

T_ole_XYL_rep3 77,656,936 

PLM (phosphate limitation) T_ole_PLM_rep1 30,790,406 

T_ole_PLM_rep2 29,659,850 

T_ole_PLM_rep3 34,608,594 

NAG (N-acetyl glucosamin as carbon source) T_ole_NAG_rep1 34,713,562 

T_ole_NAG_rep2 65,476,758 

T_ole_NAG_rep3 26,289,826 

YPD (growth on complete medium) T_ole_YPD_rep1 30,365,650 

T_ole_YPD_rep2 104,659,846 
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